Conjugates of semiconductor quantum dots (QDs) and organic dyes have been receiving attention as fluorescence biological sensing materials. In designing such sensors, a most important parameter is the number of organic-dye molecules that conjugate to a QD. If a precise separation method was developed, it might be possible to control conjugation without knowing the exact number of conjugated dye molecules per QD. In this study, the difference in linear velocities in a gel filtration column between CdSe/ZnS QDs and 5-(and 6)-carboxynaphthofluorescein succinimidyl ester is used. The velocities differ because the hydrophilicity of CdSe/ZnS QDs is much higher than that of the organic dye; hence, CdSe/ZnS-organic-dye conjugation can be controlled by changing the fraction number. Furthermore, the concentrations of CdSe/ZnS QDs and organic dye in fractionated solutions can be determined by measuring fluorescence spectra, and we demonstrate a fluorescence-type pH sensor based on the conjugate, which has a pH-sensitivity range from 7.5 -9.5.
Introduction
Recently, many types of emissive materials have been investigated for applications, such as flat panel displays (organic light-emitting diodes and plasma display panels), 1 phosphors for white-light-emitting diodes, 2 wavelength conversion films for photovoltaic cells, 3 and biological imaging. 4, 5 In reported emissive materials, previous papers have demonstrated that semiconductor quantum dots (QDs) are new emissive materials in which fluorescence (FL) peaks can be controlled by changing the core diameter; such changes manipulate the quantum confinement effect. 6 Fluorescence characteristics are influenced by the surface properties of semiconductor QDs, such as atomic vacancies, local lattice mismatches, and dangling bonds. 7 Therefore, previous research has shown that semiconductor QDs exhibit high quantum yields and superior long-term stability when the large band-gap shell layer is coated (e.g., ZnS). 6 Recently, there have been many reports on biological FL-type sensors using semiconductor QDs in combination with organic dyes, metal nanoparticles, and proteins 8, 9 and on synthesis of semiconductor QDs dispersed in aqueous solution by functionalizing surfaces for biological applications.
In addition, the pH in the human body is influenced by the specific disease; therefore, FL-type pH sensors have been required. A previously reported pH sensor consists of a conjugate of a semiconductor QD and an organic FL dye. [10] [11] [12] [13] This sensor uses fluorescence resonance energy transfer (FRET) from the semiconductor QDs to the dye, which exhibits pH-dependent changes in the FL profile. Specifically, in response to changes in the ionic conditions, specific organic dyes show pH-dependent molar absorption coefficients, 14 and the FRET efficiency increases as the molar absorption coefficient of the organic dye (acceptor) increases. 15 In addition, dual FL peaks appear when the concentrations of the organic dye and the semiconductor QD are optimized, then pH can be estimated from the ratio of the two peaks.
In general, the FRET process involves nonradiative energy transfer from an excited donor to a ground-state acceptor when the two materials are in close proximity, typically 1 -10 nm; i.e., FRET is a distance-dependent nonradiative energy transfer process. 16 In addition, the FL intensity ratio is influenced by the energy transfer efficiency between the donor and the acceptor. The efficiency is determined by (a) the number of organic-dye molecules around the semiconductor QD, (b) the spectral overlap integral between the absorption spectrum of accepter and the FL spectrum of donor, and (c) the donor-accepter dipole orientation. 17 The spectral overlap integral is directly related to the critical FRET distance, which in turn affects the energytransfer efficiency; however, it can be controlled by choosing a specific organic dye and a specific semiconductor QD. This indicates that controlling the number of organic-dye molecules is an important issue in obtaining a ratiometric pH sensor with high sensitivity and repeatability. To solve this problem, we investigated a precise fractionation method using a gel filtration column for CdSe/ZnS QDs and the organic dye, 5-(and 6)-carboxynaphthofluorescein succinimidyl ester, which shows pH-dependent changes in FL profile. 14 In the filtration column, linear velocities of CdSe/ZnS QDs and the organic dye differ due to the difference in the hydrophilicities of their surfaces; this leads to precise fractionation based on the number of organic-dye molecules. Another merit of this method is that unreacted and/or aggregated raw materials (CdSe/ZnS QDs and the organic dye) are removed while passing through the column; otherwise, they would affect FL spectral changes owing to an unexpected chemical reaction between them. Therefore, this fractionation process is suitable for obtaining QD-dye conjugates for use in FRET-based FL pH sensors.
In the research presented here, we concentrated on a precise fractionation method for fabricating CdSe/ZnS QD-organic-dye conjugates using a gel filtration column. The concentrations of the obtained CdSe/ZnS QDs and the organic dye were estimated by measuring the FL profile. Using this fractionation method, a ratiometric pH sensor was tested, and pH-dependent FL intensity changes were observed in the pH range from 7.5 to 9.5.
Experimental

Material preparation
We used CdSe/ZnS QDs functionalized with a carboxyl group, which was purchased from Life Technologies (QdotR 605 ITK Carboxyl Quantum Dots), without further purification. First, a buffer containing CdSe/ZnS QDs (8 μM borate, pH 8.3) was diluted at a molar concentration of 0.4 μM. Then, the resulting solution (100 μL) was applied to a gel filtration NICK column, and 400 μL of a purified solution was obtained. The organic dye, 5-(and 6)-carboxynaphthofluorescein succinimidyl ester, was obtained from Life Technologies (C653); this dye shows pH-dependent changes in the FL intensity in alkaline solutions. 14 The organic dye was first dissolved in dimethyl sulfoxide (DMSO), and the resulting solution was then mixed with the buffer solution. The molar concentration of DMSO in the buffer solution was 10 mg/mL. To estimate the concentrations of filtrated solutions, solutions (40 nM for the CdSe/ZnS QDs and 2 μM for the organic dye, 500 μL) were injected into the NICK column, and the extracted solution (100 μL) was obtained. Figure S1 (Supporting Information) shows the process flow for fabricating CdSe/ZnS QD-organic-dye conjugates using the gel filtration column. First, a buffer solution containing CdSe/ZnS QDs (8 μM borate, pH 9.0) was diluted to a molar concentration of 0.4 μM. Then, the CdSe/ZnS QD buffer solution (100 μL) was applied to the gel filtration NICK column, and 300 μL of the buffer solution (pH 8.5) was also injected. The obtained solution was ablated, and the additional buffer solution (400 μL, pH 8.5) was then injected in the NICK column. As a result, 400 μL of a purified solution (pH 8.5) was obtained. 1,6-Hexanediamine was used as the linker between the CdSe/ZnS QDs and the organic dye. 18 Then, 1-ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC; 10 mg/mL in the borate buffer, 6 μL) and 1,6-hexanediamine (100 mM in the borate buffer, 0.5 μL) were injected into the resulting CdSe/ZnS buffer solution, and mixed for one day at room temperature. In addition, Fig. S2 (Supporting Information) shows the synthesis scheme of the CdSe/ZnS QD-organic-dye conjugate. At first, the intermediate was obtained by adding EDC, and 1,6-hexanediamine was connected to the carboxyl group of the QD surface. Finally, the organic dye was connected, and the CdSe/ZnS QD-organic-dye conjugate was obtained. In this conjugate, the FRET phenomena occurred from the CdSe/ZnS QD to the organic dye (R 3 in Fig. S2 (Supporting Information)). In addition, the change in the molecular structure of organic dye by changing the pH value is also shown in Fig. S2 (Supporting Information) and causes the change in the molar absorption coefficient of the organic dye. Next, the total amount was set to 500 μL by adding 93.5 μL of buffer solution, and the solution was injected in an NAP-5 column by adding the buffer solution (1 mL, pH 8.5). Then, 10 μL of the organic-dye solution (10 mg/mL) was added to the recovered CdSe/ZnS QD solution (1 mL). After sintering for 1 day, the borate buffer was injected, and the total amount became 500 μL. Finally, the solution was injected into the NAP-5 column, and the extracted solution (100 μL) was obtained to filtrate the CdSe/ZnS QD-organic-dye conjugate. This process was repeated 65 times; the sequence number in this process was defined as the fraction number. The obtained aqueous solutions of CdSe/ZnS QDorganic-dye conjugates with fraction numbers from 8 to 12 were mixed. Then, the solution was purified by a NAP-5 column equilibrated with borate buffer to adjust the pH values to 7.5, 8.0, 8.5, 9.0, and 9.5.
Fabrication of CdSe/ZnS QD and organic dye conjugate
Measurement
Fluorescence spectra of all samples were obtained from a spectrofluorometer (Horiba Jovin Yvon, FluoroMax3) using 1 mL samples in a four-sided quartz cuvette at an excitation wavelength of 450 nm. The fluorescence intensity ratios of the CdSe/ZnS QD-organic dye conjugate were calculated as the ratio of the donor-to-acceptor FL peak intensities. Fluorescence decay curves were measured with a pulse laser (with a 376-nm wavelength and a 70-ps pulse width) and a streak camera (with a 2-ps time resolution; NAC, Optoscope-SC). FT-IR spectra of CdSe/ZnS QD, 1,6-hexanediamine-modified CdSe/ZnS QD, CdSe/ZnS QD-organic-dye conjugate, and organic dye were measured using the FT-IR spectrometer (JASCO, FT/IR-4000).
Results and Discussion
To estimate the molar concentrations of the CdSe/ZnS QDs and the organic dye in aqueous solutions, we measured the FL intensities. The values of the pH in all aqueous solutions containing CdSe/ZnS QD and organic dye were fixed at 9.5, and a calibration curve was estimated from the relationship between the concentration and the FL intensity. Figure 1 shows the FL intensities as functions of the concentration of the CdSe/ZnS QDs and the organic dye. The excitation wavelength was 450 nm for both samples, and the monitored wavelengths were fixed at 680 and 603 nm for the organic dye and the CdSe/ZnS QDs, respectively. The concentrations were adjusted by adding a buffer solution to the aqueous solution of CdSe/ZnS QD and the organic dye. For each material, Fig. 1 shows a clear relationship between the FL intensity and the molar concentration; this can be attributed to the small influence of concentration quenching. The FL intensity of the organic dye was less than the detection sensitivity in our experimental setup when the fraction number was <5, and the FL spectra of both CdSe/ZnS QD and organic dye should be observed for realizing a ratiometric pH sensor. Therefore, we evaluated the FL intensity at the fraction number range from 5 to 33. For the differences between the points and straight lines in Fig. 1 , the estimated residual sums of squares were 0.9997 and 0.9917 for the CdSe/ZnS QD and the organic dye, respectively. This indicates that the molar concentrations of CdSe/ZnS QD and the organic dye can be estimated by measuring the FL intensities.
Then, the concentrations of fractionated CdSe/ZnS QDs and organic dye, after passing through a gel filtration column, were estimated using the calibration curves shown in Fig. 1 . In such a column, injected materials are generally separated due to differences in their molecular weights; however, the hydrophilicity also affects the linear velocities in the column. In this case, CdSe/ZnS QDs and the organic dye can be separated by the difference in their hydrophilicities. In our experimental situation, 100 μL of aqueous solutions of the CdSe/ZnS QDs and the organic dye were obtained for each fraction number, which was changed from 5 to 65 for the precise separation process (see Fig. S1 (Supporting Information)). Figure 2 (a) shows the influence of the fraction number on the FL intensities of aqueous solutions of CdSe/ZnS QDs and the organic dye after passing through the gel filtration column for fraction numbers from 5 to 65. To estimate the concentrations, the excitation wavelength was 450 nm for both samples. The FL intensity of the CdSe/ZnS QDs first increased with increasing fraction number up to 6, and then decreased rapidly. This indicates that most of the CdSe/ZnS QDs were obtained at fraction numbers of around 6. In contrast, after the first peak, the FL intensity of the organic dye decreased gradually, little by little, with increasing fraction number. Figure 2(b) shows the influence of the fraction number on the concentrations of CdSe/ZnS QDs and organic dye in the aqueous solutions; these concentrations were calculated from the experimental results in Fig. 2 (a) and the calibration curves in Fig. 1 . The calibration curves in Fig. 1 show that the FL intensity was linearly related to the concentration due to the small amount of concentration quenching, so the relationships between the concentration and the fraction number in Fig. 2(b) have the same trends as those in Fig. 2(a) .
The main reason for this result is that the hydrophilicities of the CdSe/ZnS QDs and the organic dye differ. The hydrophilicity of CdSe/ZnS QD is higher than that of the organic dye. In fact, the organic dye does not dissolve in pure water, so DMSO was added to obtain the aqueous solution. 14 This indicates that the linear velocity of the CdSe/ZnS QDs in the NAP-5 column was higher than that of the organic dye alone. 19 As a result, the ratio of CdSe/ZnS QDs and organic-dye molecules decreased as the fraction number increased, as shown in Fig. 2(b) . To obtain a ratiometric fluorescence-type pH sensor using the CdSe/ZnS QD-organic-dye conjugate, their FL peak intensities must be nearly the same. [10] [11] [12] [13] However, under excitation at 450 nm, both the absorption coefficient and the FL intensity of the organic dye are much lower than those of CdSe/ZnS QDs. 14 Therefore, the concentration of the organic dye was set to a concentration that was two or three orders of magnitude lower than that of the CdSe/ZnS QDs, as shown in Fig. 2(b) . Figure 3 shows how the FL intensities of the CdSe/ZnS QD-organic-dye conjugate, CdSe/ZnS QDs, and the organic dye responded to changes in fraction number in the column separation process. For all measurements, the excitation wavelength was 450 nm, and the monitored wavelengths were 608 and 680 nm, which correspond to the FL from the CdSe/ ZnS QDs and organic dye, respectively. Both the CdSe/ZnS QD-organic-dye conjugate and the raw materials (CdSe/ZnS QDs and organic dye) showed the same trends as the fraction number increased. The hydrophilicity of the CdSe/ZnS QD changes by conjugating the organic dye; 19 this indicates that this filtration method can be utilized for the CdSe/ZnS QD-organicdye conjugate. The reaction time of the CdSe/ZnS-organic dye is approximately 20 min, 20 while the solution passes though the column within several minutes. This indicates that most of the chemical reaction occurred after the separation process. In addition, the FL intensities of the CdSe/ZnS QD-organic-dye conjugate were generally lower than those of CdSe/ZnS QD and organic dye alone. For the monitored wavelength of 608 nm, which corresponds to FL from the CdSe/ZnS QDs, the organic dye around the CdSe/ZnS QDs absorbs the light at 450 nm due to the high concentration of the organic dye, even though the molar absorption coefficient of the organic dye is rather low. 14 Therefore, the effective excited light intensity became lower when only CdSe/ZnS QDs were used; this resulted in the lower FL intensity shown in Fig. 3 . Figure 4 shows typical FL spectra of aqueous buffered solutions with several CdSe/ZnS QD-organic-dye conjugates, Fig. 2 (a) Relationship between the fraction number for the separation process and the log FL intensities of CdSe/ZnS QDs and organic dye. (b) Influence of the fraction number on the concentrations of Cd/ZnS QDs and organic dye. The curves here were estimated from the calibration curves in Fig. 1. which were obtained from different fraction numbers between 8 and 16. The pH of all samples was set to 8.3. The FL peaks at 608 and 680 nm correspond to FL from the CdSe/ZnS QDs and the organic dye, respectively. 14 Because of a suitable number of organic-dye molecules around the CdSe/ZnS QDs, dual FL peaks occur in Fig. 3 at fraction numbers from 10 to 16. The linear velocity of CdSe/ZnS QDs in the gel filtration column was higher than that of the organic dye due to the high hydrophilicity of the CdSe/ZnS QDs, as shown in Fig. 2(b) . Therefore, at large fraction numbers, large numbers of organicdye molecules attached the CdSe/ZnS QDs. This behavior is reflected in the experimental results given in Fig. 2(b) . The relative FL intensity at 680 nm, which corresponds to the amount of organic dye, increased with increasing fraction number.
The ratio of the FL peak intensities at different fraction numbers were calculated. Figure 5 shows the relationship between the FL intensity ratio and the fraction number for the CdSe/ZnS QD-organic-dye conjugate. The FL intensity ratio was calculated as the FL intensity at 680 nm (CdSe/ZnS QD: donor) divided by that at 608 nm (organic dye: acceptor). [10] [11] [12] [13] The FL intensity ratio continuously increased with increasing fraction number. In general, the energy-transfer efficiency from CdSe/ZnS QDs to an organic dye continuously increases with increasing numbers of conjugated organic-dye molecules, 16 and here the concentration of the organic dye increased with increasing fraction number, as shown in Fig. 2(b) . Therefore, this provides a reasonable explanation for the experimental results in Figs. 4 and 5. The exact number of conjugated organic-dye molecules cannot be easily estimated from our experimental results; nevertheless, the FL intensity ratio, which is an important parameter for FRET-based biological sensing materials, can be controlled using this technique.
We used the CdSe/ZnS QD-organic-dye conjugate to develop a ratiometric pH sensor as a possible biological imaging sensor because the organic dye, 5-(and 6)-carboxynaphthofluorescein succinimidyl ester, shows pH-dependent changes in the FL intensity. 14 The combination of CdSe/ZnS QDs and the pH-sensitive organic dye is nearly identical to a previously reported ratiometric pH sensor. [10] [11] [12] [13] However, the most important part of this research is the precise fractionation method using the gel filtration column. The reaction products were collected at fraction numbers in the range from 8 to 12; in this range, the spectra show dual FL peaks at 608 and 680 nm, which correspond to FL from the CdSe/ZnS QDs and the organic dye, respectively. Then, the pH of the resultant solutions was changed from 7.5 to 9.5 using a NICK column. Figure 6 (a) shows the FL spectra from CdSe/ZnS-organic-dye conjugates dispersed in aqueous solutions with different values of pH and excited at 450 nm. Two FL peaks were obtained at different values of pH by optimizing the fraction number; this indicates that a suitable number of organic-dye molecules successfully conjugated to the CdSe/ZnS QDs. The FL intensity ratio, the FL intensity at 680 nm divided by that at 608 nm, showed a drastic increase with increasing pH, as in Fig. 6(b) . This can be explained by the pH-dependence of the extinction Fig. 3 Influence of the fraction number on the FL intensities of CdSe/ZnS QD-organic-dye conjugate, CdSe/ZnS QD only, and organic dye only. FL intensities were measured at wavelengths of 608 and 680 nm, corresponding to FL from the CdSe/ZnS QD and organic dye, respectively. coefficient change of the fluorescein derivative, as described in our previous paper. 14 The extinction coefficient of the organic dye increased with increasing pH, and this caused an efficient FRET process from the CdSe/ZnS QDs to the organic dye, resulting in a relatively higher FL peak at high pH. In addition, the time-resolved FL lifetime is often used to confirm that the observed dual FL peaks are responsible for the FRET process. 21 Figure 7 shows the FL decay curve of the CdSe/ZnS QDorganic-dye conjugate and the CdSe/ZnS QD alone at pH 8.5. The vertical axis was calculated from the integrated FL spectrum for only CdSe/ZnS QDs around 608 nm for both samples. The time-resolved FL intensity could be well represented by a single exponential. The FL lifetimes of the CdSe/ZnS QD-organic-dye conjugate and CdSe/ZnS QDs were 3.0 and 14.6 ns, respectively. The FRET process is faster than carrier recombination in the CdSe/ZnS QDs; therefore, the reduced FL lifetime of the CdSe/ ZnS QDs by conjugating the organic dye confirms the energy transfer from the CdSe/ZnS QDs to the organic dye.
Finally, FT-IR spectra of CdSe/ZnS QD, 1,6-hexanediaminemodified CdSe/ZnS QD, CdSe/ZnS QD-organic-dye conjugate, and organic dye are shown in Fig. S3 (Supporting Information) . After the chemical reaction between the CdSe/ZnS QD and the organic dye, the broad absorption peak at around 1100 cm -1 was observed, and this absorbance relates to the C-N bonding between the CdSe/ZnS QD and the organic dye. In addition, our previous paper demonstrated that the chemical reaction between the CdSe/ZnS QD and the organic dye was confirmed by measuring the time-resolved FL spectrum and the FL lifetime. 14, 20 Therefore, the FRET is occurred between them.
Conclusions
A precise fractionation method using a gel filtration column was successfully demonstrated for CdSe/ZnS QDs conjugated with a pH-sensitive organic dye. This method exploits the difference in the hydrophilicities of the CdSe/ZnS QDs and the organic dye. The concentrations of CdSe/ZnS QDs and the organic dye were estimated from their FL intensities excited at 450 nm. A ratiometric pH sensor was tested using the filtrated CdSe/ZnS QD-organic-dye conjugate, and the sensor was shown to be sensitive under alkaline conditions. 
